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Abstract 
Almost every pipeline in power and process industries experiences vibration during its life time either during steady-state or due 
to dynamic transients like relief valve discharge, earthquake etc. Excessive piping vibrations are the major cause of machinery 
downtime, leaks, fatigue failure, high noise, fires and explosions in refineries and other process industries. It is important that 
piping vibration amplitudes should be quantified in order to check if the vibration levels are acceptable. If it is found beyond 
acceptable limit, the piping layout, piping supports or unsupported span needs to be modified. Flow-induced vibration is the most 
probable and widely observed mechanism of piping steady-state vibrations. Vibration in large diameter piping can produce 
excessive noise and can cause failures of attached small-bore piping or in severe cases pipe itself can rupture. In present paper 
quantification and required remedial action for mitigation of vibration from H2S booster discharge pipeline has been presented 
and also the codal qualification of piping with new support conditions have also been done as per applicable ASME B31.3 code. 
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1. Introduction 
 
Vibration exists in many piping systems in power and process industries. Excessive piping vibrations are 
the major cause of machinery downtime, leaks, fatigue failure, high noise, fires and explosions in refineries and 
other process industries. In the literatures fatigue associated with piping vibration has been reported as the cause of 
major piping failures in US nuclear plants between 1961 and 1996. In small bore pipes, 2 inch and less, vibration 
fatigue accounted for 45 percent of the piping failures. In view of this piping vibration beyond a level is an annoying 
problem, which can consume unnecessary maintenance activity and can affect pumping system performance and 
endurance. Vibration present in the pipe may propagate from pipe to other interconnected equipments such as 
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supporting structure/building, hangers, snubbers, interconnected pipe, vessel or machinery. Pressure pulsations may 
induce a dynamic force in elbows, tees, throttles and pipe reducers, which will act as a set of concentrated forces 
oriented along piping length.  
 
With such a high failure rates attributed to piping vibration, it is important that piping vibration amplitudes 
should be quantified in order to check if the vibration levels are acceptable. If it is found beyond acceptable limit, 
the piping layout, piping supports or unsupported span needs to be modified. In order to make practical 
modifications to the piping system, it is necessary to understand all principles involved in the determining the 
natural frequencies and sources of excitation causing vibration. In current paper, information related to 
quantification, identification of cause of vibration and mitigation of vibration problem from H2S booster discharge 
pipe of a typical heavy water plant in India, have been presented. In order to check the safety of piping, qualification 
of piping has also been done as per as per ASME B 31.3 code with new boundary conditions, which is required for 
mitigation the vibration problem. FE analysis has also been performed to check safety of piping under pressure and 
temperature conditions corresponding to washing of sulfur deposited.  
2. H2s Booster Discharge Piping System 
 
Heavy water (D2O) is used as coolant and moderator in pressurized heavy water reactors (PHWRs) because 
of its excellent slowing down power and low absorption cross section for neutrons. Production of D2O is done by bi-
thermal H2S-H2O exchange process. This heavy water plant consists of two streams of exchange units to produce 
D2O. Each stream has five numbers of boosters for circulating H2S gas in various sub-sections of exchange towers 
units. Each stream of exchange unit has similar construction and layout. The H2S booster discharge piping is 
connected from booster discharge to hot tower of H2S-H2O exchange unit as shown in figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of H2S booster discharge pipeline 
The booster discharge pipeline is 30 inch diameter and 14 mm thick made from ASTM A-516 Gr.70 plate 
material by rolling and welding, designed as per ASME B 31.3 process piping code in compliance with M- category 
fluid service. After replacement of exiting booster pump by new one, vibration was observed in steady state 
operation. It was observed that one of the discharge piping is having vibrations at auxiliary piping platform and 
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resulting in auxiliary piping rupture disc failure and also occasionally vibration was also felt in the form jerks at 
inverted U-loop of main discharge piping. The other stream of booster discharge piping is also having vibrations at 
same location because of similar layout and flow conditions. Based on these observations, vibration measurement 
was done and the recorded velocity spectra at different locations of piping have been shown in figure 2 and 
corresponding resonant frequencies and amplitudes are listed in Table 1.  
3. Operating Conditions 
  
During normal operation piping is subjected to 500C temperature and 22.4 kg/cm2 pressure and it is also 
subjected to 1300C temperature and 1.5 kg/cm2 pressure during washing of sulfur deposited on tower trays. Sulfur 
washing is done at the interval of 4 years for 72 hours by using saturated steam at 1300C temperature and 1.5kg/cm2 
pressure. 
 
In order to ensure the safety of piping, stresses due to thermal and sustained loads needs to be checked as 
per applicable code due to any change in the supporting conditions required to mitigate the vibration problem.  
Table 1: Recorded resonant vibration data on booster discharge piping 
Sr. 
No. Location 
Frequency 
(Hz) 
Velocity 
(mm/sec) 
Max. amplitude 
(mils) 
1. A 14.33 7.9 3.5 
2. B 14.0 7.9 3.5 
3. C 14.0 9.4 4.2 
4. D 13.33 3.3 1.6 
5. E 14.0 3.9 1.7 
6. F 14.0 3.1 1.4 
7. G 14.0 3.0 1.3 
4. Flow Conditions in H2s Booster Pipeline 
 
Flow conditions of H2S gas inside booster discharge pipe is tabulated in Table-2 below. 
Table 2: Flow conditions inside booster pipe 
Sr. No. Property Value 
1. Outer diameter of pipe (Do, mm) 762 
2. Internal diameter of pipe (Di, mm) 734 
3. Thickness of pipe (t, mm) 14 
4. Bend radius (long radius, R=1.5D, mm) 1143 
5. Inner diameter at reducer (Dri, mm) 581 
6. Pressure of H2S gas (Pa, kg/cm2) 22.4 
7. H2S gas flow rate (Q, ton/hr) 640 
8. Flow velocity in main pipe (V1, m/sec) ≈14 
9. Flow velocity in the reducer (V2, ( m/sec) 22.3 
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Figure 2. Full load study state velocity response at different locations of booster discharge piping 
 
5. Identification of Vibration Source 
 
From above flow conditions listed in Table 2, vortex frequency (fv) can be calculated using following equation (1).  
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(1)                                                                                                         1
ri
strv D
V
   =   Nf ×  
The Strouhal Number, NStr, varies depending upon the geometry causing the separation of the boundary 
layer. For a circular cylinder its value is 0.2 over a wide range of Reynolds numbers. Strouhal Number (Nstr) = 0.2 
for single obstruction and 0.5 for more than one obstruction in the flow. 
 
Substituting the values in to equation (1) from Table 1, the vortex frequencies for single and multiple 
obstructions are found to be 4.82 Hz and 12.05 Hz respectively. 
 
The calculated vortex frequency (12.05 Hz) is very close to resonant frequencies of recorded vibration 
signals at different locations of the booster pipe as shown in figure 2, and also the same is matching with the 
frequency obtained from FE analysis of pipe under existing support conditions. The recorded frequency and the 
frequency obtained by FE analysis have been tabulated in Table 3. Mode shape corresponding to resonant frequency 
is shown in figure 3. Because of the resonance between vortex frequency and pipe frequency, H2S booster piping is 
vibrating during normal operating condition.  
Table 3: Recorded and calculated frequency of booster pipe 
Recorded frequency Frequency from FE analysis 
Position 
(ref. Fig. 2) 
Resonant 
frequency  (Hz) 
Mode No. Frequency  (Hz) 
A 14.33 1. 1.614 
B 14.00 3. 2.815 
C 14.00 4. 4.073 
D 13.33 5. 5.455 
E 14.00 7. 12.182 
F 14.00 8. 18.93 
G 14.00 9. 19.861 
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Figure 3. (a) FE model of H2S booster discharge pipeline, (b) 7th mode shape (freq 12.18 Hz),  
with original support conditions 
 
6. Location of Severe Vibration 
  
At spring hanger support location ‘C’ after inverted loop the predominant vibrations were observed in 
discharge piping. The maximum velocity at this point is of the order of 9.4 mm/sec peak at 14 Hz frequency. Also it 
may be noted that at piping support at location ‘C’ is physically spring hanger tie rod and hence lateral vibrations of 
discharge piping is high and suspected that the spring hanger loading is under set. 
 
From FE analysis of booster pipeline and vibration records, shown in figure 2, the natural frequency of the 
booster pipe is 14 Hz and 12.18 Hz respectively. The vortex shedding frequency (fv) is 12.05 Hz, calculated by 
equation (1). The calculated vortex shedding frequency is very close to recorded frequency and frequency obtained 
by FE analysis of piping under original supporting conditions.  
 
7. Screening Criteria  
 
According to ASME OM-S/G-2000 code, piping vibration screening criterion is 12.7 mm/sec peak 
vibration velocity, which seems to be very conservative piping vibration safety margin with guaranteed fatigue 
capacity independently on a piping layout and features. In France a recommended threshold RMS vibration limit for 
piping is defined as 12 mm/s. The most comprehensive European standard for piping vibration is VDI and as per 
this code, vibrations in the piping systems permissible at 14 Hz frequency are as follows:  
 
i. Design limit value is 3 mm / sec to 5.5 mm/sec RMS value at 14Hz 
ii. Marginal allowable limit is 5.5 mm/sec to 12 mm /sec RMS value at 14Hz 
iii. Correction zone is 12mm/sec to 30 mm/sec RMS value at 14Hz 
iv. Danger zone,  >30 mm/sec RMS value at 14 HZ 
 
From above it can be observed that vibration of 5.5 mm/sec RMS value is allowable for booster discharge 
piping. Since this piping is for M-category fluid service for toxic H2S gas; it is recommended for analysis for 
correction of vibration problem. 
 
From the recorded data listed in Table-1, it can be observed that the recorded maximum vibration is 9.4 
mm/sec at 14 Hz frequency which corresponds to 4.2 mils amplitude. From analysis of the problem two methods 
have been evolved for controlling the vibration in H2S booster pipe viz. first by changing the supports and second by 
changing the flow pressure. At present plant is being operated at reduced pressure with a level of vibration within 
acceptable limit. 
 
8. Mitigation of Piping Vibration 
 
Mitigation of vibration from piping by changing flow condition is fast but a temporary method because 
running the plant at a reduced flow rate for long duration will reduce total production. In view of this supports in the 
piping system have been changed, which finally led to shifting of piping natural frequency away from the vortex 
frequency. In way of reaching to a final support condition for booster piping, several analyses have been performed 
and FE model with final support locations is shown in figure 4. Corresponding to final support condition first mode 
shape is shown in figure 5 and the modal frequency (17.22Hz) for this support condition is quite away from the 
vortex frequency (12.05Hz). Therefore support locations and supports used in this case have been finalized for 
permanent solution of vibration from the H2S booster pipeline.  
 
H2S booster pipeline with final support condition have also been analyzed corresponding to normal 
operating and sulfur washing by saturated steam at 130 0C temperature. Maximum stresses in the piping due to 
sustained loads under normal working condition and stresses due to resistance to thermal expansion for sulfur 
washing condition have been listed in Tables 4&5 respectively. From Tables 4&5, it can be observed that ratio of 
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Table 4: Stresses in the H2S booster pipeline due to sustained loads (Temp. 500C) 
Allowable Stress for sustained load (Pr+ DWt), (Sh) = 110 MPa 
 
Table 5: Stresses in the H2S booster pipeline due to resistance to thermal expansion. 
 (max. temp =1300C, Z = 6.04 x106 mm3, Allowable Stress for thermal stress,   (SA) = 165 MPa) 
Node 
No. 
Moment in N-m 
¹¸
·
©¨
§
Z
M
 
SIF 
(i) 
Moment stress 
(MPa) 
Stress ratio 
( r) Mx My Mz 
40 523 -245979 886428 152 1.0 152 0.92 
8 487592 87526 505707 117 1.0 117 0.71 
35 523 -200546 677177 116.9 1.0 117 0.71 
6504 -138956 87526 -170446 39.2 3.819 103 0.62 
 
9. Discussion and Conclusion 
 
The level of vibration present in H2S booster pipeline is between marginal and correction limit prescribed 
by VDI 3842. The natural frequency of the booster pipeline is very close to vortex frequency; therefore vibration 
problem is attributed to possible resonance between vortex shedding waves and piping structure. Since H2S is 
category M, toxic fluid therefore remedial measures have been taken for mitigation of vibration problem. There are 
two ways to keep the frequency apart; one by changing the flow conditions such as pressure which a temporary 
solution and second by changing the piping layout or support, which is a permanent solution. Since the size of 
pipeline is very large and change in the layout will be more costly, in view of this exercise of keeping the natural 
frequency away from the excitation frequency has been done by changing the supports. In final support condition, 
extra supports have been provided in each arm of the inverted U-loop of the line as shown in Figure 4.  One extra 
guide support in the vertical arm near the tower has been provided. The vortex frequency and natural frequency of 
piping are well separated corresponding to this final support condition, therefore by implementing the new supports, 
vibration problem will be solved.   
 
Qualification of final case has been done considering pressure, Dead weight, and loads due resistance to 
thermal expansion. The stresses due to pressure, dead weight and thermal are well below the allowable limit, 
therefore H2S booster pipeline is safe under dead weight loads in new supporting conditions also. 
 
Nomenclature 
 
Dri : Inner diameter at reducer (mm) NStr : Strouhal Number 
fv : Vortex frequency (Hz) r : Ratio (actual stress/allowable stress) 
Node 
No. 
Moment (N-m) 
¹¸
·
©¨
§
Z
M SIF Pressure 
stress 
(MPa) 
Dead Wt. stress 
(MPa) 
Stress ratio 
(r) 
Mx My Mz 
5 -38 -2 27603 4.57 2.86 28.42 14.69 0.39 
3 38 -8 64618 10.7 1.0 28.42 10.70 0.36 
6501 38 -15 19477 3.23 2.86 28.42 9.66 0.35 
2 33 -20 -14872 2.46 2.86 28.42 7.37 0.33 
20 -38 -7 26736 4.43 1.0 28.42 4.43 0.30 
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i : Stress intensification factor SIF : Stress intensification factor 
Mx,y,z : Moment in X, Y & Z directions V1  : Flow velocity in main pipe ( m/sec) 
M : Resultant moment (N-m) Z : Section modulus (mm3) 
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